ABSTRACT: Methodologies of competitive interaction quantification between weeds and crops are not widely elucidated and compared in the literature. The competitive ability of common-bean (Phaseolus vulgaris) relative to alexandergrass (Brachiaria plantaginea) was assessed and two approaches of replacement series experiment analysis were compared. The response of the species to the presence of each other at different densities and proportion was evaluated. Replacement series at total densities of 625, 816 and 1,111 plants m -2 were performed at the proportions of common-bean:alexandergrass of 100:0 (pure stand of common-bean), 75:25, 50:50, 25:75 and 0:100% (pure stand of alexandergrass), at four replicates in a randomized block design. Data analyses were performed by the qualitative compared to the quantitative approach. The quantitative approach provided larger number of information than did the qualitative approach, and indicated that there was intraspecific competition among common-bean plants, and a minimum of interspecific competition from alexandergrass. There was no intraspecific competition among alexandergrass plants, being the crop effect on the weed larger than the effect among alexandergrass plants. The ecological niche differentiation was partial, since the crop intraspecific competition was larger than the interspecific, and the last one was negligible, at the same time that the weed interspecific competition was larger than the intraspecific. Common-bean, as a competitor species, is superior to alexandergrass. Key words: replacement series design, qualitative analysis, quantitative analysis
INTRODUCTION
Methodologies of competitive interaction quantification between crops and weeds are not widely elucidated and compared in the literature. Harper (1977) , Oliver & Buchanan (1986) , and Rejmánek et al. (1989) described treatment designs for competition studies and Oliver & Buchanan (1986) described their advantages and disadvantages. Later on, Cousens (1991) analyzed the critiques that some designs have received and concluded that even the simplest one is appropriate to the objectives of certain studies. Among the available de-signs to be used in competition studies, authors have mentioned the additive, replacement series, systematic and surface response designs. The replacement series have been used mainly to determine the best competitor of two species or biotypes and to understand how they interact to each other (Cousens, 1991) . In this kind of design, the total density is held constant while the proportion between the two species is variable (Harper, 1977) . Treatments are established from a pure stand of one species and plants are progressively replaced with plants of a second species up to a pure stand of the later one (Spitters, 1983) . Besides the pure stand of each species, at the same density, a treatment with the proportion of 1:1 is frequently used (Connoly, 1988) . The total density must be at least enough to satisfy the "constant final yield law", i.e., the total density of plants which captures all available environmental resources. At this condition, the total biomass yield is constant, even if there is an increment in the number of plants per unit area (Wit, cited by Roush et al., 1989) . The interpretation of the results of an experiment conducted as a replacement series can be done by the conventional approach, qualitatively, and quantitatively, using mathematical equations.
The qualitative interpretation is performed by comparing observed and expected yields, with the latter being a linear function of species proportions in the mixture. The straight line that connects each species yield in the pure stand (100:0) to its zero yield (0:100) defines the expected yield, which is considered to represent the competitive equivalence response (CE) in which the intraspecific competition is equivalent to interspecific competition (Rejmánek et al., 1989) .
The quantitative interpretation of results from a replacement series experiment started by the end of the 1950's when a linear relation between the reciprocal yield per plant and the plant density was empirically determined (Kira et al., cited by Rejmánek et al., 1989) . This relation was determined for one species, and later on that was expanded to a two-species mix to obtain a pair of linear equations (Ogawa, cited by Rejmánek et al., 1989) . Other scientists, using the same principle, developed a pair of corresponding equations (Spitters, 1983; Jolliffe et al., 1984) .
Comparing the reciprocal yield per plant method of Spitters (1983) to the double reciprocal yield method of Jolliffe et al. (1984) , Roush et al. (1989) concluded that the first was simpler with regard to the measurement of the relative importance of the intra-and interspecific competition and more sensible to measuring the interaction between density and proportion of the species mixture. As alexandergrass is an important weed in commonbean crop, the competitiveness of these species was evaluated by comparing the qualitative to the quantitative approach to data analysis.
MATERIAL AND METHODS
Two experiments were conducted in a greenhouse, in Piracicaba, SP, Brazil. In the first, the plant density (N -plants m -2 ) to each species (common-bean and alexandergrass) in which the yield of shoot biomass per unit area (Y -g m -2 ) becomes independent of the density was determined, according to the "constant final yield law". From the results of this experiment, a second experiment was set to determine the competitiveness of both species.
The greenhouse temperature was regulated to a maximum of 25°C and the irrigation was done by sprinkling, every two hours, from 7h00 to 17h00, applying every day a total of 10 mm of water. In cloudy or rainy days the irrigation was done from 9h00 to 15h00.
Seeds of common-bean (Phaseolus vulgaris L.) and alexandergrass [Brachiaria plantaginea (Link) Hitchc.] were commercially acquired. The seeds of the 'Carioca' common-bean variety, with 80% germination and 98% purity, were treated with carboxin + thiran. Alexandergrass seeds showed, in the germination test, that the first plants emerged at the sixth day after seeding, and the emergence rate was 25 seedlings per 0.58 g of seed.
Plastic pots (18.5 cm upper diameter, 14.0 cm lower diameter, and 15.0 cm height) were filled with a mixed substrate made up of a soil material, sand, rotten manure, and carbonized rice husk (3:1:1:0.5 volume proportions), and treated with methyl bromide to reduce the weeds. The number of plants of each species per pot was recorded at the harvest time. Shoots were cut off at the soil level, dried at 75 o C for 48 hours and weighed.
Density in which the species reaches the constant final yield Experiments were carried out in a randomized block design with four replicates. Common-bean and alexandergrass were studied separately at densities of 1, 2, 4, 8, 16, 32 and 64 plants per pot, which correspond to 37, 74, 149, 297, 595, 1,190 and 2,381 plants m -2 . The population of 24 plants of common-bean per pot (892 plants m -2 ) was also studied. Pots were filled with the substrate up to 1.5 cm below the top of the border of the pot. Common-bean seeds were distributed on the surface of the substrate and covered with a portion of the substrate up to the top of the border of the pot. Alexandergrass seeds and a portion enough of the substrate to complete the volume of each pot were manually mixed in a plastic bag. Excess seeds were sown (12/14/1999) and plants were thinned twice (12/20/1999 and 12/22/1999) to the required densities. The final stand was recorded and shoots were harvested 20 days after seeding (01/03/2000) . At that time, common-bean plants were at the V3 stage (CIAT, 1983) , and the alexandergrass, at the 14 stage (Zadoks et al., 1974 Dry biomass yielded per unit area (Y) and density (N) were used to calculate the reciprocal of dry biomass yielded per plant (1/w = N/Y). These data were used to perform a linear regression analysis with 1/w as the dependent variable and N as the independent variable. The obtained coefficients were used to write the equation (eq.1) of the reciprocal of shoot dry biomass yield per plant (Spitters, 1983) :
and the equation (eq.2) of the total of dry biomass yielded:
where, b 0 represents the reciprocal of the biomass of an isolated plant; b 1 represents the rate of increase in 1/w or the rate of decrease in w related to the addition of each plant to the population, and it also is the reciprocal of the maximum biomass per unit area (b 1 =1/Y max ) when density (N) tends to infinity; and b 1 /b 0 expresses the increase of 1/w relative to its value in the absence of competition and, therefore, it measures the intraspecific competitive stress (Spitters, 1983) . Once the data were adjusted to the hyperbolic equation (eq. 2), the minimum value of density in which Y would be similar to Y max was determined for each species. The differences among the observed Y values and the value of Y max were calculated for each density. The null hypothesis (H 0 ) was that the average of each of these differences was equal to zero. To test the H 0 , it was verified if the values of the differences present a normal distribution (W-test -2 ). These plant spacing were obtained by using grids made of wood to facilitate the correct placement of the seeds in the desired density at equidistant points (Figure 1) .
At sown (01/31/2000), two seeds of commonbean and a random amount of alexandergrass seeds were placed at each pre determined spot (Figure 1 ). Two thinnings (02/05/2000 and 02/07/2000) were made to establish the desired densities in each treatment. At 21 days after seeding (02/21/2000), the number of plants was recorded, and the shoot of each species was separately harvested to determine the dry biomass. The common-bean plants were harvested at the V3 stage (CIAT, 1983 ) and the alexandergrass plants at the 14 stage (Zadoks et al., 1974) . The results were analyzed qualitatively or conventionally (Harper, 1977) , and quantitatively (Spitters, 1983) .
Qualitative analysis of the species competitiveness
The qualitative analysis was performed for each replacement series and for the average of the three replacement series by visual interpretation of the relative yield as a function of the two species proportions. Relative yields (Yr) of one species were calculated as dry biomass yield of that species (Yx) at each proportion divided by the yield from the treatment with 100% of plants of the same species (Y) (Roush et al., 1989) :
Linear and quadratic regression analyses were performed with the relative yield (average of four replications) as the dependent variable and density proportions as independent variables. Each of calculated relative yield (Yr) was compared to its correspondent value on the competitive equivalence line (Y CE ). For each species, the values on the competitive equivalence line at the proportions of 0, 25, 50, 75 and 100% (X axis) were, respectively of 0; 0.25; 0.50; 0.75 and 1.00. 
Quantitative analysis of the species competitiveness
Dry biomass yielded by the crop (Y c ) and the weed (Y w ), and plant densities (N c and N w ) were used to calculate the dry biomass yielded per crop plant (w c = Y c / N c ) and per weed plant (w w = Y w /N w ). The reciprocal yield per plant (1/w c and 1/w w ) were submitted to multiple linear regression analysis, with N c and N w as dependent variables, excluding those three treatments in which the species representing the dependent variable was absent, as proposed by Rejmánek et al. (1989) . The obtained coefficients were used to write a pair of equations, as proposed by Spitters (1983) :
The first subscript of each term refers to the species which biomass is being considered, while the second subscript identifies the associated species.
The coefficients for intraspecific (b c,c and b w,w ) and interspecific (b c,w and b w,c ) competition were used to calculate the relative competitive ability (RC) of commonbean and alexandergrass (eq.6 and eq.7), as well as the ecological niche differentiation index (NDI -eq.8), according to Spitters, (1983) :
There is niche differentiation when NDI exceeds unity (Spitters, 1983) .
RESULTS AND DISCUSSION

Density that leads to constant final yield for each species
The coefficients from the linear regression (Table  1) , were used to write the equations as the eq. (1) (Figure 2 .A -common-bean and Figure 3 .A -alexandergrass). Considering the biological meaning of the coefficients (Spitters, 1983) , the theoretical maximum yield of the dry weight (Y max ) of common-bean shoot was 958.7728 g m -2
(1/b 1 = 1/0.001043 = 958.7728) (Figure 2 .B) and the alexandergrass, 117.1641 g m -2 (1/b 1 = 1/0.008535 = 117.1641) (Figure 3 .B). For each common-bean plant added to the population, the reciprocal of the dry biomass per plant (1/w c,w ) has increased, or the dry biomass per plant (w c,w ) was reduced by 0.001043 g (b 1 ). In the same way, for each alexandergrass plant added to the population, the reciprocal of the dry biomass per plant (1/w w,c ) has increased, or the dry biomass per plant (w w,c ) was reduced by 0.008535 g.
The reduction in the dry biomass yielded per plant when one plant was added to the population was smaller for the common-bean, indicating that this species, compared to alexandergrass, presented a lower intraspecific competition. This fact was confirmed by the intraspecific index of each species, calculated by the ratio b 1 /b 0 , which expresses the increase in 1/w relative to its value in the absence of competition, and can be used as a measurement of the intraspecific competition stress (Spitters, 1983) . This ratio was 0.000711 (0.001043/ 1.466960) for common-bean and 0.002798 (0.008535/ 3.049351) for alexandergrass. Therefore, it would be expected that common-bean dry biomass yielded per unity area (Y) would approach Y max in densities higher than the alexandergrass would. For the crop, such density would be over 2,381 plants m -2 (Figure 2 .B) because, up to this density, the averages of the differences among dry biomass yielded (Y) and Y max were different from zero (Table  2 ). This analysis suggests that either the crop dry biomass yield would continue increasing as a result of the increase in the number of plants per unit area, or that the shoot was harvested before the total competition among plants was established. There was no mention of similar results in previous papers (Roush et al., 1989; Christoffoleti & Victoria Filho, 1996) . However, while common-bean and alexandergrass were harvested three weeks after seeding, Roush et al. (1989) have harvested the wheat (Triticum aestivum L.) and the rye grass (Lolium multiflorum Lam.) after seven weeks of growth.
The minimum weed density for constant final yield, similar to the maximum yield (Y max ), was between 1,190 and 2,381 plants m -2 because the average of the differences among the dry biomass yielded (Y) and the maximum theoretical yield (Y max ) was similar to zero [(P>T) = 0.0720] (Table 3) for the highest studied density. This indicates that at higher densities, the increment in the dry biomass yield per unit area due to an increment of plants in the population will be close to zero.
From these results, three total densities were set up to carry out three replacement series treatments at one experiment. The assumption for establishment and analysis of one set of a replacement series treatment is that the total density of the species must be higher than the minimum which yield is independent of the plant density, i.e., the total density must be beyond the point of constant fi- Roush et al., 1989) . Therefore, the total density of a replacement series must satisfy this assumption for both species. However, the density from which the crop would reach the constant final yield was not identified. Although the density found for alexandergrass (2,381 plants m -2 ) could be used, at this density one plant occupies 4.1 10 -4 m 2 or 2.05 x 2.05 cm. As the lower feasible spacing for equidistant plants in the used pots would be 3.0 x 3.0 cm, it was decided not to follow the assumption of the constant final yield. However, it was also assumed that it could have some loss in the qualitative interpretation of the results. With regard to the replacement design with more than one series, there is no scientific paper mentioning that the total density should attend the requirement of the constant final yield law. So, it was assumed that the quantitative interpretation of the results would not be affected, then the total densities in the three replacement series were set at 625; 816 and 1,111 plants m -2 , using the plant spacing of 4.0 x 4.0 cm, 3.5 x 3.5 cm, and 3.0 x 3.0 cm, respectively.
Determination of the competitiveness of common-bean with alexandergrass
Qualitative analysis of the species competitiveness
There was no effect of the total density since the standard replacement series curves were qualitatively similar at each of the three total densities (data not shown). Rejmánek et al. (1989) Even though the curve of common-bean relative yield was concave (Figure 4) , the averages of the differences among the observed relative yields (Y r ) and the corresponding values of the competitive equivalence (Y CE ) were equal to zero (Pr>|T|>0,05) (Table 4) . However, the CV was higher than 50% and, therefore, the averages of the differences could be different from zero. Considering that common-bean relative yield was higher than the competitive equivalence line, the intraspecific competition was more intense than the interespecific competition, i.e., the competitive effect among commonbean plants was higher than the competitive effect of alexandergrass over common-bean. This interpretation should be considered with some caution, since the total density for each replacement series was lower than that in which the dry biomass yielded by each species would be independent of its own density. This result could mean either that alexandergrass could have not competed with common-bean, or that the crop was in such low density that there was no intraspecific competition, and, therefore, there was yield response to density increase. Harvest made at the V3 stage has not shown intra and interespecific competition reflected on shoot dry biomass yield.
The curve of alexandergrass relative yield was convex (Figure 4) . The average of the differences among the observed values and the corresponding values on the competitive equivalence line (CE) were different from Table 4 ). So that, interspecific competition was higher than intraspecific, with disadvantage to alexandergrass, i.e., the common-bean competitive effect over alexandergrass was higher than the competition effect among alexandergrass plants. In some occasions, two species which have similar requirements for natural resources can differ in their responses (Harper, 1977) . The more aggressive species contributes more than the expected to the total yield, while the other contributes less than expected. Therefore, one curve is concave and the other is convex, indicating that the interaction between these species is for the same natural resources, but one species is more efficient in capturing them from the environment. Common-bean have probably captured the resources with more efficiency than alexandergrass (Figure 4) , and so, common-bean was interpreted as a superior competitor. Although plants height and leaf area have not been evaluated as Rejmánek et al. (1989) had done, plants of common-bean were observed to emerge first and grow faster than alexandergrass did, presenting higher plants and bigger leaf area which could have contributed for its better competitive performance.
Quantitative analysis of the species competitiveness
The responses of the reciprocal of dry biomass yielded per plant of common-bean and per plant of alexandergrass to the their own density and to the density of the competitor species are presented in Figures 5 and 6 . A summary of the regression analysis is presented in Table  5 . The three-dimensional surface of each graphic represents the expected values derived from the experimental data.
The reciprocal of the dry biomass yielded by common-bean (1/w c,w ) has increased by increasing the density of its plants (N c ) ( Figure 5 ). By the regression equation (eq. 4), according to Spitters (1983) , the coefficient of the crop density (b c,c = 0.00064) quantifies the competition among common-bean plants (intraspecific competition) and the coefficient of the weed density (b c,w = 0.00003) quantifies the effect of alexandergrass over common-bean (interspecific competition). The relative competitive ability (RC) of the species which dry biomass is being considered, in this case the crop, in relation to another species is defined by the ratio of the regression coefficients b c,c /b c,w . Adding one common-bean plant has had an equal effect on the reciprocal of the dry biomass per crop plant (1/w c,w ) as adding 21.3 alexandergrass plants (21.3 = 0.00064/0.00003). In another words, the addition of one common-bean plant has increased 1/w c,w , i.e., reduced the crop yield per plant (w c,w ) to the same extent as the addition of 21.3 alexandergrass plants. One commonbean plant has sensed the presence of another commonbean plant as strongly as the presence of 21.3 alexandergrass plants. However, the probability of the interspecific competition (b c,w ) being similar to zero was 91% ( Table 5 ), meaning that there is 91% chance that the weed could have not interfered on common-bean dry biomass.
The reciprocal of the dry biomass per alexandergrass plant was reduced as this species density was increased and it was increased as the common-bean density was increased ( Figure 6 ). The negative signal of the coefficient b w,w indicates that at each alexandergrass plant increment in the mixture of plants, 1/w w,c decreased, or w w,c increased by 0.01574 g. Even though not evaluated, the higher the alexandergrass density, the smaller its plants were and less leaves the plants had. It is possible that alexandergrass plants have recruited lower amount of resources from the environment than common-bean and, even though they had their growth stunted, they had more amount of dry biomass accumulated. The weed density coefficient (b w,w = 0.01574) quantifies the competition among alexandergrass plants and the crop density coefficient (b w,c = 0.02314) quantifies the effect of the common-bean competition over alexandergrass. Alexandergrass has sensed the presence of one plant of the same species as strongly as the presence of 0.68 common-bean plants (b w,w /b c,w ). As the crop relative competitive ability (RC c , eq. 6) was 21.3 and the weed relative competitive ability (RC w , eq. 7) was 0.68, both species have suffered lower degree of competition with alexandergrass as neighbor.
There was ecological niche differentiation because the product between the two species relative competitive ability (eq. 8) was 14.48. However, the niche differentiation was partial since the common-bean intraspecific competition was higher than the competition imposed by alexandergrass plants over common-bean, at the same time that the competition imposed by common-bean plants over alexandergrass was higher than the alexandergrass intraspecific competition. Therefore, although the species have competed for the same resources, common-bean plants have probably captured environmental resources more efficiently than alexandergrass plants. Spitters (1983) found niche differentiation between corn and peanut and stated that the niche differentiation is very common when legume and grass plants are mixed. It is very likely that this statement can be generalized for the niche differentiation between common-bean and grass weeds.
While the qualitative analysis showed no difference of the relative competitiveness of the species relative to plant densities, the quantitative analysis detected a significant effect of the plant density. Roush et al. (1989) also found this contradiction. The authors have suggested that the qualitative method was less sensitive in detecting possible influences of density on competitive interactions, and that this difference in the sensitivity of the methods may have resulted from data transformation. While the qualitative method uses the relative yield, the quantitative method is performed on the reciprocal of yield per plant.
By the qualitative method, when the commonbean relative yield is considered, the competition among common-bean plants was either null or higher than the effect of alexandergrass plants over common-bean, and the alexandergrass competitive effect over common-bean was either null or similar to the common-bean intraspecific competition. When alexandergrass relative yield is considered, the common-bean competitive effect on alexandergrass was higher than alexandergrass intraspecific competition. So that, the common-bean relative yield was either superior or similar to the competitive equivalence line, and the alexandergrass relative yield was inferior to this line. Therefore, common-bean, as a competitor species, was superior to alexandergrass. By the quantitative method, it was evident that there was commonbean intraspecific competition and that the weed (14 stage) affected very little the common-bean plants (V3 stage). It was confirmed that there was no competition effects among alexandergrass plants; that the crop effect over the weed was higher than the competitive effect among alexandergrass plants, and that the ecological niche differentiation was partial, since the crop intraspecific competition was higher than the interspecific, being the latter not significant, and the weed interspecific competition was higher than the intraspecific competition.
